Abstract: An examination of cAMP levels in predominant species of ruminal bacteria and other anaerobic bacteria was conducted. Cellular cAMP concentrations of glucose-grown cultures of Butyrivibrio jibrisolvens 49, Prevotella ruminicola D31d. Selenomonas ruminantium HD4 and D, Megasphaera elsdenii B159, Sreptococcus bovis IBl, Bacteroides tlzetaiotaomicron 5482, and Clostridium acetobutylicum ATCC 824 were determined at various times during growth by a competitive binding radioimmunoassay procedure. The results were compared to those for Escherichia coli NRRL B3704. The levels of cAMP ranged from undetectable for B. thetaiotaomicron to approximately 15 pmoljmg cell protein for P. I1l11zinicola D31d. Varying the growth substrate in a manner previously shown to elicit regulatory response did not alter the level of cAMP in these organisms. In general. cAMP concentrations present in these organisms were much lower than the 6-25 pmol/mg cell protein observed for E. coli. The levels of cAMP in P. I1l11zinicola were consistently higher than levels in other anaerobes, particularly during the early exponential and stationary phases of growth. Based on these data it seems unlikely that cAMP is involved in regulation of substrate catabolism in the anaerobic bacteria examined except in P. ruminicola where it may have an unknown regulatory function.
Introduction
Ruminal and other anaerobic bacteria exhibit preferences for available growth substrates in a Names are necessary to report factually on available data: however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable.
Corresponding author. manner consistent with regulation via catabolite repression. Regulation of synthesis of a number of degradative enzymes further suggests control by this or a similar mechanism (Table 1) . To date, the presence of cAMP in these organisms has only been examined on a couple of occasions. Hylemon and Phibbs [1] were unable to detect cAMP in two human colonic species, while we were able to detect only low levels in the ruminal anaerobe Streptococcus bouis [2] . The objective of the current study was to conduct a more comprehensive examination of cAMP levels in predominant species of ruminal and other anaerobic bac-356 teria to ascertain whether the absence of this regulatory molecule is a general characteristic of these organisms. [4] . A separate culture sample was collected for cell protein determination. Samples were stored frozen ( -20°C) until analysed.
Materials and Methods

Organisms
Analyses
The cAMP concentrations were determined using a commercial competitive binding radioimmuno assay procedure according to the manufacturer's instructions (Biomedical Technologies Inc., Stoughton, MA). Cell protein concentrations were determined by the method of Lowry et al. [5] after hydrolysis of cells in alkali (0.1 N NaOH) at 70°C for 30 min. Horse heart cytochrome c was used as a standard.
Results and Discussion
Preliminary experiments with ruminal bacteria grown on a variety of energy sources indicated that cAMP concentrations in these organisms Table 1 Selected organisms that display regulation-like responses to growth substrate
Response
Escherichia coli
Glucose repression of lactose utilization, glucose inhibition of adenyl cyclase, low cAMP
Streptococclls boL'is
Glucose repression of maltose utilization Glucose repression of maltose induction of amylase synthesis Glucose transport via PEP-PTS
BlItyrivibrio fibrisolvells
Maltose inhibition of glucose utilization Maltose stimulates amylase production Glucose inhibition of arabinose utilization
Pra'otella rIlmillicola
Maltose stimulates amylase production Arabinose, xylose inhibition of cellobiose utilization
Selellomollas rllmillalltillm
Glucose inhibits lactate utilization Glucose-PTS inhibits xylose utilization lllegasphaera elsdellii
Glucose inhibition of sucrose utilization
Clostridillm acetoblltylicll1ll
Glucose repression of xylose stimulation of xylanolytic enzyme synthesis Glucose repression of amylase synthesis were low (data not shown). In addition, the concentration of cAMP present in mid-exponential cultures of these anaerobes was not influenced by growth on substrates previously shown to illicit regulatory responses (see Table 1 ). Others have noted that accurate measurement of cAMP concentrations in mid-log cultures can be difficult, even in E. coli [4, 6, 7] . The concentration of cAMP in glucose-grown batch cultures of E. coli is maximal shortly after glucose is depleted when it rises rapidly to levels 7-8 times that present in exponential phase cells [8] . To maximize the chances of detecting cAMP, cultures of selected ruminal and other anaerobic bacteria were grown in glucose-containing media and sampled when the op- 
\ / on triplicate cultures) yielded consistent results. However, inconsistent results were sometimes observed. Cultures of S. ruminantium strain D contained elevated levels of cAMP 1 h after entering stationary phase, but these data were quite variable. The reason for this variation is unknown, but several factors in sample handling (e.g. rate of filtration) can contribute to this [6, 7] . Since P. ruminicola D31d produced increased levels of cAMP when growth substrate was depleted and the cultures entered stationary phase, a closer examination of cAMP production by this organism was warranted. Time course experiments monitoring cAMP levels at various times during growth were conducted. The results are shown in Fig. 1 . Cellular concentrations of cAMP in P. ruminicola were highest during early exponential and stationary phases of growth. In similar experiments, the levels of cAMP (pmol mg -I) in E. coli cultures increased late in the exponential phase of growth (not shown), but these concentrations did not reach those observed in starved cells (Table 2) .
Mechanisms of regulation of energy source assimilation are well described for many aerobic bacteria and facultative anaerobes like E. coli [9] . These mechanisms often involve the regulatory molecule cAMP whose synthesis can be allosterically regulated by proteins of the phosphoenolpyruvate, phosphotransferase system (PEP-PTS) which are intimately involved in nutrient transport and metabolism [10, 11] . Compared to these organisms, relatively little is known about regulation of carbohydrate utilization by anaerobic bacteria. Substrate preferences have been demonstrated and transport of sugars can occur via PEP-PTS (Table 1) . However, the involvement of cAMP in these organisms has not been demonstrated. Based on the data of this study, it seems unlikely that cAMP is involved in regulation of substrate catabolism in most of the anaerobic bacteria examined. The concentration of cAMP did increase in P. l1/minicola D31d at various times during growth, suggesting a regulatory role for this molecule in this organism. The pattern of cAMP accumulation exhibited in P. ruminicola is not entirely consistent with control by availability of glucose and thus may be responding to other metabolic 'signals'.
